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ABSTRACT
Aiming at deriving a statistically well-justified Galactic Center distance, R0, and reducing any oc-
currence of publication bias, we compiled the most comprehensive and most complete database of
Galactic Center distances available to date, containing 273 new or revised R0 estimates published
since records began in October 1918 until June 2016. We separate our R0 compilation into direct and
indirect distance measurements. The latter include a large body of estimates that rely on centroid
determinations for a range of tracer populations as well as measurements based on kinematic observa-
tions of objects at the solar circle, combined with a mass and/or rotational model of the Milky Way.
Careful assessment of the Galactic Center distances resulting from orbital modeling and statistical
parallax measurements in the Galactic nucleus yields our final Galactic Center distance recommenda-
tion of R0 = 8.3 ± 0.2 (statistical) ± 0.4 (systematic) kpc. The centroid-based distances are in good
agreement with this recommendation. Neither the direct measurements nor the post-1990 centroid-
based distance determinations suggest that publication bias may be important. The kinematics-based
distance estimates are affected by significantly larger uncertainties, but they can be used to constrain
the Galaxy’s rotation velocity at the solar Galactocentric distance, Θ0. Our results imply that the
International Astronomical Union-recommended Galactic Center distance (RIAU0 = 8.5 kpc) needs a
downward adjustment, while its Θ0 recommendation (Θ0 = 220 km s
−1) requires a substantial upward
revision.
Keywords: astronomical databases — distance scale — Galaxy: center — Galaxy: fundamental pa-
rameters
1. THE DISTANCE TO THE GALACTIC CENTER
The distance from the Sun to the Galactic Center, R0,
provides the basic calibration for a wide range of meth-
ods used for distance determination, both on Galactic
and extragalactic scales. Calculations of many physi-
cal parameters, including of the distances, masses, and
luminosities of Galactic objects, as well as the Galaxys
integrated mass and luminosity, depend directly on R0.
In fact, most luminosity and a large number of mass es-
timators scale as distance squared, while masses based
on total densities or orbital modeling scale as distance
cubed.
This dependence could involve adoption of a Galac-
tic mass and/or rotation model, in which case we also
need to know the Sun’s circular velocity accurately. As
R0 estimates are refined, so are the estimated distances,
masses, and luminosities of numerous Galactic and ex-
tragalactic objects, as well as our best estimates of the
rate of Galactic rotation and the size of the Milky Way.
In addition, a highly accurate direct Galactic Center dis-
tance determination would immediately allow reliable
recalibration of the zero points of numerous secondary
distance calibrators, including of Cepheids, RR Lyrae,
and Mira variable stars, which would consequently re-
inforce the validity of the extragalactic distance scale
(e.g., Olling 2007). In turn, this would enable better es-
timates of globular cluster ages, the Hubble constant, as
well as a lower limit to the age of the Universe (Monelli
et al. 2015), and place tighter constraints on a range of
cosmological scenarios (e.g., Reid et al. 2009).
It is no surprise, therefore, that determinations of the
Galactic Center distance have been the subject of many
studies ever since the first attempt by Harlow Shapley
in 1914–1918. However, the importance of determining
an accurate R0 value, combined with the large number
of studies undertaken to achieve this goal, have led to
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speculations that some degree of publication bias (also
known as ‘observation bias’ or a ‘bandwagon effect’) may
have affected subsequent Galactic Center distance deter-
minations (e.g., Reid 1989, 1993; Nikiforov 2004; Foster
& Cooper 2010; Malkin 2013a,b; Francis & Anderson
2014).
In de Grijs et al. (2014, henceforth Paper I), de
Grijs & Bono (2014; Paper II), and de Grijs & Bono
(2015; Paper III), we embarked on large-scale data min-
ing of the NASA/Astrophysics Data System (ADS) to
explore whether distance determinations to, respectively
the Large Magellanic Cloud (LMC), the M31 group, and
the Small Magellanic Cloud had been polluted by such
bandwagon effects. In this paper, we extend our series of
papers by adding a similar analysis of distance estimates
to the Galactic Center. Our ultimate aim is to provide
a self-consistent distance framework that can serve as a
benchmark for the structure of the Local Group of galax-
ies (see, e.g., Table 4 in Paper II, combined with the
recommended distance to the Small Magellanic Cloud
from Paper III).
To achieve our aim, in Section 2 we discuss our ap-
proach to mining the NASA/ADS database, eventually
resulting in the most complete and most comprehensive
database of Galactic Center distances published, start-
ing from Shapley’s (1918) distance estimate, published
in October 1918, until early June 2016. In Section 3, we
review three different types of Galactic Center distance
indicators, including direct distance measurements as
well as centroid- and kinematics-based Galactic Center
distance determinations. This is followed in Section 4
by a detailed discussion of the validity of and the un-
certainties affecting the ‘best’ measurements, which we
also place in the context of the most recent progress in
the field. Finally, Section 5 summarizes and concludes
the paper.
2. DATA MINING
The distance to the Galactic Center has long been a
subject of intense scrutiny. Since the mid-1970s, it has
become standard practice in meta-analyses of the Galac-
tic Center distance to publish compilations of previ-
ously published values (e.g., Harris 1976; de Vaucouleurs
1983; Kerr & Lynden-Bell 1986; Reid 1993; Nikiforov
2004; Perryman 2009, his Table 9.1; Malkin 2013a,b).
Although the latest such compilation dates only from
2013, upon close examination it transpired that Malkin’s
(2013a,b) compilation of 53 Galactic Center distance es-
timates published between 1992 and 2011 is incomplete:
our own perusal of the literature from this same period
revealed an additional 32 papers with newly derived or
updated Galactic Center distance estimates.
Since gaps in the data may mask or, alternatively,
artificially suggest the presence of publication bias (for
a discussion, see Paper I), we decided to compile our
own database of Galactic Center distances that is as
complete as possible until the present time. We followed
a similar two-pronged approach as employed in Papers
I, II, and III. First, we scanned all 23,516 papers until
and including February 2016 tagged with the ‘Galactic
Center’ keyword in the NASA/ADS for potential new or
rederived Galactic Center distance determinations. At
the same time, we carefully followed the reference trail:
where a paper referred to the provenance of the Galactic
Center distance adopted by its authors, we made a note
of the original reference and double checked that the
latter was actually included in our final database.
This approach led to a final database containing
a total of 273 Galactic Center distance measure-
ments since Shapley’s (1918) first attempt at deter-
mining the centroid of the Galaxtic globular clus-
ter distribution known at that time. As for Papers
I–III, the full database is available at http://astro-
expat.info/Data/pubbias.html1, where we provide our
compilation of Galactic Center distances both as a func-
tion of publication date and by tracer, supported by full
bibliographic information. We compiled the extinction-
corrected distance moduli, as well as their statistical and
systematic uncertainties, if available. Only 25 authors
published their systematic uncertainties separately; in
addition, five papers specified that their published error
bars include the systematic uncertainties. For the re-
maining Galactic Center distance measurements, the un-
certainties refer to the statistical errors only. As in Pa-
pers I–III, instead of combining individual values based
on different assumptions or input parameters, we have
included all (final) Galactic Center distance measure-
ments published in a given paper. The range spanned
by such alternative values provides a valuable estimate
of the systematic uncertainty inherent to the distance
determined, although we note that these values are of-
ten highly correlated.
Figure 1 shows an overview of the data as published in
the original articles, i.e., without having homogenized or
recalibrated the various measurements. We show both
the full data set in Fig. 1a and subsets selected ac-
cording to their provenance, i.e., direct measurements
(statistical parallaxes, Galactic Center orbital model-
ing, Galactic Center Cepheids), centroid determinations
(δ Scuti, RR Lyrae, Cepheids, and Mira variables, red
clump stars), and determinations involving adoption of
a kinematic disk model (Cepheids, RR Lyrae, Miras,
1 A permanent link to this page can be found at
http://web.archive.org/web/20160610121625/http://astro-
expat.info/Data/pubbias.html; members of the community are
encouraged to send us updates or missing information, which will
be included in the database where appropriate.
Local Group distances and publication bias. IV. The Galactic Center 3
Figure 1. Galactic Center distance determinations from the literature since records began. (a) All measurements. (b)–(g)
Measurements as a function of tracer used. The horizontal blue dashed lines indicate the IAU-recommended values for R0 at
the relevant publication dates.
open clusters). We have also included the Galactic Cen-
ter distance values recommended by the International
Astronomical Union (IAU). At its XIIth General As-
sembly held in Hamburg (Germany) in 1964, the IAU
released its first formal recommendation for the value
of R0 = 10 kpc. This was subsequently amended to
R0 = 8.5 kpc (Kerr & Lynden-Bell 1986), a value that
has been in force since 1986. Nevertheless, even a ca-
sual comparison of the Galactic Center distances in our
database (see Fig. 1) with the current IAU recommen-
dation reveals that the latter value is well above the
mean of most current and recent determinations of R0.
As such, the community has called for a further adjust-
ment of the IAU recommendation, but this would need
to be done in tandem with adjustments of the Galactic
rotation rate at the solar circle as well as of the Oort
constants, which all depend on one another.
Our final database is significantly more comprehensive
than any previously published compilation of Galactic
Center distance estimates. We will demonstrate this by
comparison of our data set with those of three bench-
mark papers, Kerr & Lynden-Bell (1986), Reid et al.
(1993), and Malkin (2013a). The latter paper was se-
lected for this comparison since it is the most recent
large compilation. As already addressed earlier in this
section, we added 32 papers (containing 42 new Galactic
Center distance estimates) to Malkin’s (2013a) compi-
lation of 53 articles published between 1992 May and
2011 July. The review by Reid (1993) has long been
used as the ‘gold standard’ in the field of Galactic Center
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distance determinations. It includes 37 R0 values pub-
lished between 1972 June and 1992 April, taken from
38 articles. Our compilation, by contrast, includes 20
additional Galactic Center distance estimate, found in
17 papers not included by Reid (1993). Finally, the cur-
rent IAU recommendation for the value of R0 is based on
the compilation of 26 estimates by Kerr & Lynden-Bell
(1986). Again, our own perusal of the literature pub-
lished in the period spanning from 1973 August to 1986
May revealed nine additional Galactic Center distance
determinations.
3. DISTANCES BY TRACER
Based on observations taken since 1914, Shapley
(1918) used the light curves and, hence, the period–
luminosity relation of Cepheid variables in 69 Galac-
tic globular clusters to visualize the spatial distribution
of the Galactic globular cluster system. He eventually
extended his analysis to include all 93 Galactic globu-
lar clusters known at that time. He subsequently de-
termined the centroid of the three-dimensional globular
cluster distribution to determine the first ever distance
to the Galactic Center, 13 ≤ R0 ≤ 25 kpc.
Armed with our current understanding of the struc-
ture of the Milky Way, it is clear that this distance
estimate was considerably too large. In fact, the
period–luminosity relation he applied was ∼1 mag too
faint, while he used Population II Cepheids (W Virgi-
nis stars)—combined with the 25 brightest stars in his
seven sample clusters (since Population II Cepheids were
only known in a limited number of clusters)—instead
of the Population I Cepheids he thought he had ob-
served. Population II Cepheids are some 2 mag fainter
than their Population I counterparts, while it appears
that Shapley (1918) may also have made calibration er-
rors regarding the absolute magnitudes of the brightest
stars and the associated reddening corrections (Sandage
2004, pp. 301–302), thus offsetting the error introduced
by his use of an incorrect period–luminosity relation to
some extent. As a consequence, Shapley’s (1918) dis-
tance scale was off by ∼1 mag, corresponding to a factor
of ∼1.6. Note that the implicatiom of Shapley’s (1918)
results based on his approach of using both Population
II Cepheids and his clusters’ brightest stars may suggest
that the difference between classical and Population II
Cepheids only applies to a limited number of clusters.
While Shapley’s (1918) Galactic Center distance de-
termination now seems a mere historical curiosity, the
fact remains that this was the first viable ‘centroid’ ap-
proach to estimate the Galactic Center’s distance. Nev-
ertheless, it is instructive to compare Shapley’s (1918)
result with the most recent R0 determination based on
the globular cluster centroid. Nikiforov & Smirnova
(2013) found that the globular clusters composing the
Galaxy’s metal-rich and metal-poor subsystems sepa-
rately form bar-like structures that closely resemble the
Galactic bar as a whole. They conclude that only non-
axisymmetric models can provide sufficiently strong con-
straints on R0. In addition, these authors found evi-
dence for an extinction component associated with the
Galactic bar which affects the observational incomplete-
ness of globular clusterss on the far side of the Galactic
Center, a selection effect that must be considered seri-
ously in determining R0.
In this section, we will focus on the ‘modern’ period
since 1990 to distinguish among three different types
of Galactic Center distance determinations in order of
decreasing accuracy, i.e., direct (geometric) methods,
centroid-based methods, and distance determinations
based on observations of tracer objects at some distance
from the Galactic Center, combined with a kinematic
model of the Galactic disk. We will also address the
uncertainties inherent to each of the methods applied.
3.1. Direct measurements
The current-best, ‘direct’ (geometric) estimates of R0
are based on astrometric orbit determinations of the so-
called S stars in the Galactic Center region. Two com-
peting groups are leading efforts in this field, i.e., Gen-
zel et al. versus Ghez and collaborators: see Table 1.
Figure 1b shows the run of these determinations as a
function of publication date (black points). The latest
result from the Genzel group is R0 = 8.2 ± 0.34 kpc
(Gillessen et al. 2013), while the Ghez group published
R0 = 8.0 ± 0.3 kpc (Yelda et al. 2011; but see Morris
et al. 2012 for a rather surprising downgrade). We will
return to a discussion of these direct measurements in
Section 4.
The next best direct Galactic Center estimates come
from statistical parallax measurements of the nuclear
star cluster. These measurements are also included in
Table 1. Taking the straight mean and standard devi-
ation of all such measurements gives R0 = 8.16 ± 0.40
kpc. However, this approach does not do full justice to
the published results. Systematic uncertainties related
to the dynamical cluster models affect the resulting dis-
tance determinations. Assuming uniform, isotropic, and
fully phase-mixed systems (e.g., Eisenhauer et al. 2003;
Do et al. 2013) seems to yield systematically smaller R0
values than adopting anisotropic, spherical Jeans models
(e.g., Do et al. 2013). The current-best results are based
on joined-up analyses of both the nuclear star cluster’s
stellar velocity dispersions and S-star orbital modeling.
The latter lead to R0 = 8.46
+0.42
−0.41 kpc (Do et al. 2013,
combined with Ghez et al. 2008) and R0 = 8.33± 0.11
kpc (Chatzopoulos et al. 2015, combined with Gillessen
et al. 2009a).
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Table 1. Adopted ‘direct’ distances used in this paper, expressed in units of kpc.
Publ. date R0 Reference Notes
(mm/yyyy) (kpc)
Galactic Center orbital modeling
11/2003 7.94± 0.33 Eisenhauer et al. (2003) S2 only, 1992–2001; systematic uncertainty 0.16 kpc
07/2005 7.62± 0.32 Eisenhauer et al. (2005) S2 only, 1992–2004
07/2005 7.72± 0.33 Eisenhauer et al. (2005) S2 only, 1992–2004, excl. data from 2002
03/2006 7.73± 0.32 Zucker et al. (2006) S2 only, 1992–2004; corrected for relativistic effects
07/2007 7.4± 0.2 Olling (2007; Ghez, priv. commun.) bias-free ‘orbital parallax method’ (Armstrong et al. 1992)
07/2008 8.3± 0.3 Ghez et al. (2008) S2 only, 1995–2007
12/2008 8.0± 0.6 Ghez et al. (2008) S2 only, 1995–2007; black hole freely moving
12/2008 8.4± 0.4 Ghez et al. (2008) S2 only, 1995–2007; black hole at rest
02/2009 8.33± 0.35 Gillessen et al. (2009b) S stars, 1992–2008; incl. systematic uncertainties
02/2009 8.40± 0.29 Gillessen et al. (2009b) S stars excl. S2, 1992–2008; incl. syst. errors
12/2009 8.28± 0.15 Gillessen et al. (2009b) S stars, 1992–2008, combined ESO/Keck data sets; syst. unc. 0.29 kpc
12/2009 8.34± 0.27 Gillessen et al. (2009b) S2 only, 1992–2008, combined ESO/Keck data sets; syst. unc. 0.52 kpc
05/2011 8.0± 0.3 Yelda et al. (2011) S2 only, 1995–2007; new distortion corrections
08/2012 7.7± 0.4 Morris et al. (2012) S stars, 1995–2011
02/2013 8.2± 0.34 Gillessen et al. (2013) 5 S stars, 1992–2012
Nuclear star cluster: Statistical parallaxes
12 1995 8.21± 0.98 Huterer et al. (1995) 50 M giants
09 2000 8.2± 0.9 Genzel et al. (2000) 104 stars with proper motions; 71 stars with z velocities
09 2000 7.9± 0.85 Genzel et al. (2000) Corrected for the effects of a central point mass
11 2003 7.2± 0.9 Eisenhauer et al. (2003) Uniform, isotropic, phase-mixed system
12 2008 8.07± 0.35 Trippe et al. (2008) 664 late-type giants
05 2011 8.07± 0.32 Trippe et al. (2011) Velocity dispersion; systematic uncertainty 0.13 kpc
12 2013 8.12+0.43
−0.41 Do et al. (2013) Isotropic velocity distribution
12 2013 8.92± 0.58 Do et al. (2013) Anisotropic spherical Jeans models
12 2013 8.46+0.42
−0.38 Do et al. (2013) Combined with Ghez et al. (2008)
02 2015 8.27± 0.09 Chatzopoulos et al. (2015) Systematic uncertainty 0.1 kpc
02 2015 8.33± 0.11 Chatzopoulos et al. (2015) Combined with Gillessen et al. (2009a)
3.2. Galactic Center Cepheids in context
Matsunaga et al. (2011) used the near-infrared
period–luminosity relation of van Leeuwen et al. (2007),
adopting solar metallicity, calibrated on the basis of
Cepheids with parallax-based distances, to determine
the distance modulus to three classical Cepheids in the
Galactic nucleus. These three objects were found within
40 pc (projected distance) of the central black hole, lead-
ing the authors to conclude that R0 = 7.9
+0.1
−0.2 kpc (see
also Bono et al. 2013; Matsunaga 2013). The latter
value was scaled based on adoption of (m−M)0 = 18.50
mag for the distance modulus to the Large Magellanic
Cloud. Although this is not strictly speaking a ‘direct’
Galactic Center distance measurement, we include it
here in a separate subsection rather than in the sec-
tion where we discuss the Cepheid centroid given the
close proximity of these nuclear Cepheids to the actual
Galactic Center.
The direct measurements discussed in Section 3.1 and
the nuclear Cepheid distance of Matsunaga et al. (2011)
are indeed fully consistent with one another, with the
Cepheid distance somewhat on the short side.2 If this
small distance differential between the nuclear Cepheids
and the actual Galactic Center is real, this may imply
that the former objects are seen in projection onto the
Galactic Center. In fact, Matsunaga et al. (2011) do
not claim precise coincidence with the Galactic Center,
but merely that their projected positions are consistent
with their presence in the thin disk-like structure of the
nuclear bulge. These authors point out that their mean
distance estimate suffers from an additional, systematic
uncertainty of approximately 0.3 kpc, which is predom-
inantly driven by the uncertainties inherent to the ex-
tinction law applied (i.e., the total-to-selective extinc-
tion ratio) and by scatter among the prevailing period–
2 On the other hand, a comparison of Matsunaga et al.’s (2011)
Galactic Center distance estimate with those based on the cen-
troids of the distributions of different Cepheid samples (Section
3.3) suggests that any differences are negligible.
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luminosity relations, both corresponding to uncertain-
ties of 0.09 mag in distance modulus. Matsunaga et al.
(2015) added a fourth nuclear Cepheid to their sample
and obtained their kinematics. They concluded that the
velocities of these Cepheids suggest that the stars orbit
within the nuclear stellar disk, i.e., within ∼ 200 pc of
the Galactic Center. This is indeed consistent with their
earlier suggestion.
Finally, we note that some authors have suggested
that the distances to different Galactic Center trac-
ers affected by significant extinction should be ad-
justed upward, for instance by adopting a non-standard
or variable extinction law toward the Galactic Center
(e.g., Collinge et al. 2006; Vanhollebeke et al. 2009;
Pietrukowicz et al. 2012; Nataf et al. 2013; Nataf et al.
2016; but see Francis & Anderson 2014). In addition, the
effects of population differences (ages and metallicities)
may cause certain tracer objects—such as red clump
stars—to be redder in the Galactic bulge than their solar
neighborhood equivalents (e.g., Girardi & Salaris 2001),
which thus implies that significant systematic uncertain-
ties likely remain in the zero-point calibrations of many
‘standard’ secondary distance tracers.
3.3. Centroids
Since the pioneering effort by Shapley (1918), many
authors have attempted to determine R0 based on the
centroids of the distributions of a variety of tracers, in-
cluding globular clusters, Cepheid, RR Lyrae, and Mira
variables, red clumps stars, and even delta Scuti stars
and planetary nebulae.
While Fig. 1c–e showed the ‘raw,’ uncorrected cen-
troid data collected in our database, Fig. 2 includes
the most recent (post-1990) Galactic Center measure-
ments based on different centroid tracers as a function
of publication date. We have attempted to homogenize
the distance calibration where appropriate: the original
data points as listed in the online database are shown
as black open circles; the corrected measurements are
shown as red bullets with error bars.
The calibrations applied are included in the individ-
ual panels. We used a common horizontal-branch mag-
nitude of MV (HB) = 0.60 mag for globular clusters,
MV (RR) = 0.72 mag for RR Lyrae stars, and I- and
K-band red clump absolute magnitudes from Hippar-
cos (Stanek & Garnavich 1998; see also Laney et al.
2012) for the red clump stars, i.e., MRCI = −0.23 mag
andMRCK = −1.57 mag, withM
RC
K =M
RC
Ks
+0.044 mag
(Grocholski & Sarajedini 2002). In addition, we adopted
a homogenized distance scale based on (m−M)LMC0 =
18.50 mag, thus also ensuring internal consistency with
the recommended distance benchmarks derived in Pa-
pers I–III.
The left-hand side of Table 3 provides an overview of
Figure 2. Homogenized, post-1990 Galactic Center distance
estimates based on centroid determinations. The tracers
used and the calibrations applied are indicated in the in-
dividual panels; GCs: Globular clusters; PNe: Planetary
nebulae; PNLF: PN luminosity function; µ(LMC): LMC dis-
tance modulus. Where estimates have been recalibrated, the
original data points are shown as black open circles (without
error bars for reasons of clarity), while the homogenized val-
ues appear as red bullets with their corresponding error bars.
The horizontal dashed lines represent the IAU-recommended
Galactic Center distance.
the mean Galactic Center distances and their standard
deviations based on published centroid determinations
since 1990. It is readily apparent that the RR Lyrae
and Mira centroids yield systematically larger distances
than the other tracers. We checked whether this might
be a signature of publication bias by recalculating the
RR Lyrae statistics for Galactic Center distances pub-
lished since 2000. Their (mean, σ) combinations are
(8.21, 0.31) kpc and (8.31, 0.39) kpc before and after
correction, respectively.
Determination of R0 based on the centroid approach
is significantly more uncertain than using direct geom-
etry. Uncertainties hindering accurate Galactic Center
distance estimation include ambiguities associated with
the prevailing extinction law, a preference for smaller
values of R0 because of sampling biases (where extinc-
tion causes tracers on the near side of the bulge to have
a greater chance of inclusion than their counterparts on
the far side), and difficulties in converting the mean dis-
tance to one’s tracer sample into a value of R0.
3.4. Kinematic tracers
A large number of Galactic Center distance determi-
nations base their estimates on the distances to a va-
riety of tracer populations at or near the solar circle,
combined with a kinematic disk (mass) model of the
Milky Way galaxy. Suitable tracers include Cepheid
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Table 2. Adopted, homogenized centroid-based distances used in this paper. Entries in bold font are newly updated (homog-
enized) distance estimates.
Publ. date R0 Reference Original Calibration Notes
a
(mm/yyyy) (kpc)
Globular clusters; 〈[Fe/H]GCs〉 = −1.5 dex
08/1993 7.6± 0.4 Maciel (1993) MV (HB) = 0.6 mag 46 GCs, [Fe/H] > −1.2 dex
09/1994 7± 0.5 Rastorguev et al. (1994) MV (RR) = 0.6 mag · · ·
00/1998 8.6± 1.0 Surdin & Feoktistov (unpubl.) · · · quoted in Surdin (1999) as ‘submitted’
00/1999 9.0± 1.0 Surdin (1999) MV (HB) = 0.20[Fe/H] + 1.00 mag 126 GCs
03/2006 7.0± 0.3 Bonatto et al. (2009) Calibration from Bica et al. (2006) · · ·
04/2006 7.2± 0.3 Bica et al. (2006) MV (HB) = 0.16[Fe/H] + 0.84 mag 116 GCs
10/2013 7.63 ± 0.38 Nikiforov & Smirnova (2013) MV (HB) = 0.16[Fe/H] + 0.84 mag all methods
10/2013 7.42 ± 0.23 Nikiforov & Smirnova (2013) MV (HB) = 0.16[Fe/H] + 0.84 mag all spatial methods
10/2013 7.36 ± 0.24 Nikiforov & Smirnova (2013) MV (HB) = 0.16[Fe/H] + 0.84 mag Shapley’s method and related spatial methods
06/2014 7.4± 0.2 Francis & Anderson (2014) MV (RR) = 1.067 + 0.502[M/H] 154 GCs, syst. unc. 0.2 kpc
+0.108[M/H]2 mag
Cepheids
04/2008 7.94 ± 0.37 Groenewegen et al. (2008) (m−M)LMC0 = 18.50 mag Cepheids and RR Lyrae; syst. unc. 0.26 kpc
04/2008 7.99 ± 0.09 Groenewegen et al. (2008) (m−M)LMC0 = 18.50 mag Type II Cepheids
06/2008 8.11± 0.21 Feast et al. (2008) (m−M)LMC0 = 18.37 mag Type II Cepheids
06/2008 8.69± 0.56 Feast et al. (2008) (m−M)LMC0 = 18.37 mag Type II Cepheids, incl. κ Pav
09/2009 7.8± 0.6 Majaess et al. (2009) (m−M)LMC0 = 18.50 mag Type II Cepheids
09/2009 7.7± 0.7 Majaess et al. (2009) (m−M)LMC0 = 18.50 mag Type II Cepheids + bulge model
02/2013 7.94 ± 0.37 Matsunaga (2013) (m−M)LMC0 = 18.50 mag 100 Miras, Cepheids, RC stars; syst. unc. 0.26 kpc
RR Lyrae; 〈[Fe/H]RR〉 = −1.0 dex
09/1991 8.7± 1.0 Walker & Terndrup (1991) MV (RR) = 0.85 mag N = 44, Baade’s Window; RV = 3.1
09/1991 8.2± 0. Walker & Terndrup (1991) MV (RR) = 0.85 mag N = 44, Baade’s Window; RV = 3.35,
Carney et al. (1992) distance scale
10/1995 8.28± 0.40 Carney et al. (1995) MV (RR) = 0.85 mag N = 58, Baade’s Window
10/1995 8.9± 0.5 Carney et al. (1995) (m−M)LMC0 = 18.50 mag N = 58, Baade’s Window (but see Feast 1997)
11/1996 8.4± 0.4 Layden et al. (1996) (m−M)LMC0 = 18.28 mag Baade’s Window
MV (RR) = 0.15[Fe/H] + 0.95 mag
11/1996 9.2± 0.5 Layden et al. (1996) (m−M)LMC0 = 18.28 mag Baade’s Window
MV (RR) = 0.60 mag
11/1996 8.7± 0.6 Layden et al. (1996) Combined approach ‘best’ value
01/1997 8.0± 0.4 Feast (1997) (m−M)LMC0 = 18.53 mag N = 18
MV (RR) = 0.37[Fe/H] + 1.13 mag
04/1998 8.7± 0.25 Udalski (1998) MV (RR) = 0.88 mag N = 73
11/2006 8.8± 0.3 Collinge et al. (2006) MV (RR) = 0.72 mag N = 159, Baade’s Window
11/2006 8.8± 0.3 Collinge et al. (2006) MV (RR) = 0.92 mag N = 159, Baade’s Window
11/2006 9.1± 0.7 Collinge et al. (2006) Combined approach N = 159, Baade’s Window
02/2008 8.7± 0.4 Kunder et al. (2008) MV (RR) = 0.72 mag · · ·
02/2008 8.7± 0.6 Kunder et al. (2008) MV (RR) = 0.92 mag · · ·
04/2008 7.94 ± 0.37 Groenewegen et al. (2008) (m−M)LMC0 = 18.50 mag Cepheids+RR Lyrae
04/2008 7.87 ± 0.64 Groenewegen et al. (2008) (m−M)LMC0 = 18.50 mag N = 37, Sollima et al. (2006) PLC calibration
04/2008 8.0± 0.7 Groenewegen et al. (2008) (m−M)LMC0 = 18.50 mag N = 37, Sollima et al. (2006) PLR calibration
12/2008 8.2± 0.3 Kunder & Chaboyer (2008) MV (RR) = 1.19 + 0.5[Fe/H] N = 2690, bulge
+0.09[Fe/H]2 mag
03/2010 8.1± 0.6 Majaess (2010) (m−M)LMC0 = 18.50 mag · · ·
05/2012 8.35± 0.42 Pietrukowicz et al. (2012) MV (RR) = 2.288 + 0.882 logZ logZ ≡ [Fe/H]− 1.765 dex
+0.108(logZ)2 mag
10/2013 8.14± 0.05 De´ka´ny et al. (2013) Catelan et al. (2004) calibration Systematic uncertainty 0.14 kpc
10/2015 8.08± 0.01 Pietrukowicz et al. (2014) Catelan et al. (2004) calibration Systematic uncertainty 0.40 kpc
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Table 2. (Continued)
Publ. date R0 Reference Original Calibration Notes
(mm/yyyy) (kpc)
Miras
06/1991 8.7± 0.5 Whitelock et al. (1991) (m−M)LMC0 = 18.47 mag · · ·
06/1991 8.1± 0.5 Whitelock et al. (1991) (m−M)LMC0 = 18.47 mag · · ·
00/1992 9.1 Whitelock (1992) · · · · · ·
03/1995 8.5± 0.7 Glass et al. (1995) (m−M)LMC0 = 18.55 mag · · ·
03/1995 8.7± 0.7 Glass et al. (1995) (m−M)LMC0 = 18.55 mag If located in the Galactic bar
11/2005 8.6± 0.7 Groenewegen & Blommaert (2005) (m−M)LMC0 = 18.50 mag N = 2691
11/2005 8.9± 0.4 Groenewegen & Blommaert (2005) (m−M)LMC0 = 18.48 mag N = 2691; Feast (2004) calibration
09/2009 8.43± 0.08 Matsunaga et al. (2009) (m−M)LMC0 = 18.45 mag Systematic uncertainty 0.42 kpc
11/2009 8.43± 0.08 Matsunaga et al. (2009) (m−M)LMC0 = 18.45 mag Systematic uncertainty 0.42 kpc
02/2013 8.13± 0.37 Matsunaga (2013) (m−M)LMC0 = 18.45 mag Cepheids, Miras, RC stars; syst. unc. 0.26 kpc
01/2016 8.9± 0.4 Catchpole et al. (2016) (m−M)LMC0 = 18.49 mag 2.1 ≤ logP [days] < 2.6
01/2016 8.5± 0.4 Catchpole et al. (2016) (m−M)LMC0 = 18.49 mag 2.6 ≤ logP [days] < 2.7
01/2016 8.9± 0.4 Catchpole et al. (2016) (m−M)LMC0 = 18.49 mag Combined approach
Red clump stars
02/1998 8.6± 0.4 Paczyn´ski & Stanek (1998) M0
I
= −0.28 mag · · ·
04/1998 8.0± 0.25 Udalski (1998) MI = (0.09± 0.03)[Fe/H]
RC [Fe/H]RC = +0.2 dex; 73 RRab Lyrae, RC stars
−(0.23± 0.03) mag
08/1998 8.2± 0.15 Stanek & Garnavich (1998) MI = −0.23 mag · · ·
06/2000 8.40± 0.4 Stanek et al. (2000) M0
I
= −0.16 mag · · ·
08/2000 8.39± 0.42 Alves (2000) MK = −1.61± 0.03 mag · · ·
02/2001 8.79± 0.16 Gould et al. (2001) MK = −1.61 mag Updated zero points
03/2005 8.5± 0.1 Nishiyama et al. (2005) MK = −1.61 mag · · ·
04/2005 8.1± 0.15 Babusiaux & Gilmore (2005) MK = −1.68 mag · · ·
04/2005 7.7± 0.15 Babusiaux & Gilmore (2005) MK = −1.61 mag · · ·
08/2006 7.59± 0.10 Nishiyama et al. (2006) MK = −1.59 mag · · ·
08/2006 8.40± 0.42 Nishiyama et al. (2006) MK = −1.68 mag Recalibration of Alves (2000)
07/2007 8.7 Rattenbury et al. (2007) M0
I
= −0.26 mag Upper limit
12/2010 6.9± 0.3 McWilliam & Zoccali (2010) MK = −1.44 mag · · ·
08/2011 7.43± 0.63 Fritz et al. (2011) MKs = −1.47 mag Ks
08/2011 7.43± 0.95 Fritz et al. (2011) MKs = −1.47 mag H
08/2011 8.03± 0.94 Fritz et al. (2011) MKs = −1.47 mag L
′
08/2011 7.58± 0.65 Fritz et al. (2011) MKs = −1.47 mag mean
02/2013 8.01± 0.37 Matsunaga (2013) MK = −1.59 mag Cepheids, Miras, RC stars
06/2013 7.94± 0.1 Nataf et al. (2013) MKs = −1.50 mag · · ·
09/2013 7.87 Cao et al. (2013) MKs = −1.50 mag · · ·
11/2013 8.5 Wegg & Gerhard (2013) MK = −1.72 mag · · ·
03/2014 7.5± 0.2 Gardner et al. (2014) MK = −1.44 mag · · ·
06/2014 7.4± 0.3 Francis & Anderson (2014) MK = −1.53± 0.01 mag Hipparcos recalibration
MI = −0.24± 0.01 mag
06/2014 7.5 Francis & Anderson (2014) MK = −1.53± 0.01 mag Recalibration of Alves (2000)
MI = −0.24± 0.01 mag
06/2014 7.2 Francis & Anderson (2014) MK = −1.53± 0.01 mag Recalibration of Babusiaux & Gilmore (2005)
MI = −0.24± 0.01 mag
06/2014 7.1 Francis & Anderson (2014) MK = −1.53± 0.01 mag Recalibration of Nishiyama et al. (2006)
MI = −0.24± 0.01 mag
a Abbreviations used: GCs, globular clusters; N , number of objects; P , period; PLC, period–luminosity–color relation; PLR,
period–luminosity relation; RC, red clump; syst. unc., systematic uncertainty.
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Table 3. Mean original and homogenized Galactic Center distances and their standard deviations (σ) based on published
post-1990 estimates. All values are expressed in units of kpc; note that the numbers of data points contributing to the ‘before’
and ‘after’ values for a given tracer are not necessarily the same.
Centroids Kinematics
Before correction After correction Before correction After correction
Tracer Mean σ Mean σ Tracer Mean σ Mean σ
Globular clusters 7.63 0.66 7.60 0.56 Cepheids+RR Lyrae 7.88 0.44 8.15 0.43
Cepheids 8.02 0.32 7.88 0.19 Open clusters 7.73 0.98 7.76 1.07
RR Lyrae 8.15 0.34 8.45 0.39 Disk tracers 7.68 0.49 · · ·
Miras 8.57 0.35 8.58 0.27 Masers 8.01 0.53 · · ·
Red clump stars 7.91 0.53 7.96 0.42
and RR Lyrae variable stars, open clusters, and maser
sources, as well as the distributions of Hi and CO. Fig-
ure 3 shows the relevant measurements published since
1990. As before, we have attempted to homogenize these
estimates where possible, particularly the Cepheid-, RR
Lyrae-, and open cluster-based distances. The latter are
benchmarked with respect to the distance to the Hyades,
(m − M)Hya0 = 3.42 mag, which also ensures internal
consistency with the LMC distance modulus adopted in
this series of papers. The mean R0 values and their
associated standard deviations based on kinematic disk
modeling are included on the right-hand side of Table 3.
Note, however, that this method of Galactic Center
distance determination suffers from larger uncertainties
than the centroid approach, given the larger number of
assumptions one has to make. In addition to the need
for an accurate Milky Way mass model (e.g., Reid et al.
2009; McMillan 2011), the basic, underlying assumption
on which the accuracy of this methodology hinges is that
the tracers are stationary with respect to the local stan-
dard of rest (at the solar position) and in circular motion
at the solar circle. Since both of these assumptions are
usually imprecise, good results cannot be expected from
individual objects.
It is not obvious how one could self-consistently ho-
mogenize the Galactic Center distance estimates based
on other kinematic disk tracers. We considered using
the ratio of the rotational velocities at the solar cir-
cle, Θ0, and R0 to transfer all these measurements onto
a common scale. McMillan & Binney (2010) carefully
re-evaluated a number of current models describing so-
lar rotation about the Galactic Center. Using data of
18 masers in high-mass star-forming regions at the so-
lar circle from Reid et al. (2009), they found that the
best-fitting models yield Galactic Center distances in the
range from R0 = 6.7 ± 0.5 kpc to R0 = 8.9 ± 0.9, and
Θ0 from 200 ± 20 km s
−1 to 279 ± 33 km s−1. Despite
these large ranges in R0 and Θ0, which are largely driven
by one’s choice of Galactic rotation curve, these au-
Figure 3. Post-1990 Galactic Center distance estimates
based on kinematic disk models for a variety of tracers,
as indicated in the individual panels. Where possible, we
have homogenized the Galactic Center distances based on
RR Lyrae and Cepheid variables, as well as those based on
open cluster distances. The original data points are shown
in black, with their homogenized counterparts represented
in color and slightly offset along the horizontal axis. In the
top panel, the Cepheid-based original values are indicated by
open circles; those based on RR Lyrae distances are shown
as crosses. The horizontal dashed lines represent the IAU-
recommended Galactic Center distance.
thors found that—with one exception—the Θ0/R0 ratio
should be narrowly constrained between Θ0/R0 = 29.9
km s−1 kpc−1 and Θ0/R0 = 31.6 km s
−1 kpc−1 (see also
Reid et al. 2009).
However, Fig. 4 shows that, in practice, the Θ0/R0
ratios adopted by different authors are significantly
smaller than the range proposed by McMillan & Binney
(2010; see the horizontal dashed lines in the figure). The
red data points are three-year averages, aimed at show-
ing the general trend, where the horizontal ‘error bars’
indicate the relevant time period sampled and the verti-
cal error bars represent the corresponding standard de-
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Table 4. Adopted, homogenized kinematics-based distances used in this paper. Entries in bold font are newly updated
(homogenized) distance estimates.
Publ. date R0 Reference Original Calibration Θ0 Notes
a
(mm/yyyy) (kpc) (km s−1)
Cepheids
02/1992 8.3± 0.5 Caldwell et al. (1992) (m−M)LMC0 = 18.55 mag 248± 16 N = 212
05/1994 8.20± 0.30 Pont et al. (1994) (m−M)LMC0 = 18.47 mag 257 ± 7 · · ·
05/1995 7.4± 0.5 Dambis et al. (1995) (m−M)Hya0 = 3.30 mag · · · · · ·
11/1997 8.6± 0.5 Feast & Whitelock (1997) (m−M)LMC0 = 18.47 mag · · · R0 from Pont et al. (1994); new PLR
11/1997 8.3± 0.6 Feast & Whitelock (1997) (m−M)LMC0 = 18.47 mag · · · R0 from Metzger et al. (1998); new PLR
01/1998 7.7± 0.3 Glushkova et al. (1998) (m−M)Hya0 = 3.30 mag 200± 15 N = 202: open clusters, Cepheids, RSGs
02/1998 7.66± 0.32 Metzger et al. (1998) (m−M)LMC0 = 18.50 mag 237± 12 Systematic uncertainty 0.44 kpc
02/1998 7.95± 0.31 Metzger et al. (1998) (m−M)LMC0 = 18.50 mag 237± 12 N = 7, solar circle; no orbital ellipticity
02/1998 7.61± 0.30 Metzger et al. (1998) (m−M)LMC0 = 18.50 mag 237± 12 N = 7, solar circle; 4% orbital ellipticity
08/1998 7.76± 0.29 Feast et al. (1998) (m−M)LMC0 = 18.70 mag · · · N = 266
00/1999 7.8± 0.3 Glushkova et al. (1999) (m−M)Hya0 = 3.30 mag 204± 15 N = 202: open clusters, Cepheids, RSGs; use caution
b
01/2010 8.0± 0.8 Shen & Zhang (2010) 239± 12 · · ·
02/2013 7.66± 0.36 Bobylev (2013) (m−M)Hya0 = 3.42 mag 267± 17 N = 14; P > 5 days
02/2013 7.64± 0.32 Bobylev (2013) (m−M)Hya0 = 3.42 mag 217± 11 N = 18; proper motions
02/2013 7.98± 0.79 Zhu & Shen (2013) (m−M)Hya0 = 3.42 mag 239± 23 N = 215
RR Lyrae
06/2009 8.43± 0.40 Dambis (2009) (m−M)LMC0 = 18.27 mag 229± 12 · · ·
02/2010 8.4± 0.4 Dambis (2010) (m−M)LMC0 = 18.30 mag 195 ± 5 · · ·
11/2013 8.41± 0.40 Dambis et al. (2013) (m−M)LMC0 = 18.32 mag 234± 10 Recalibration of Carney et al. (1995)
11/2013 7.81± 0.40 Dambis et al. (2013) (m−M)LMC0 = 18.32 mag 234± 10 Recalibration of Groenewegen et al. (2008)
11/2013 8.95± 0.39 Dambis et al. (2013) (m−M)LMC0 = 18.32 mag 234± 10 Recalibration of Collinge et al. (2006)
11/2013 8.40± 0.36 Dambis et al. (2013) (m−M)LMC0 = 18.32 mag 234± 10 Average value
Open clusters
01/1998 7.7± 0.3 Glushkova et al. (1998) (m−M)Hya0 = 3.30 mag 200± 15 N = 202: open clusters, Cepheids, RSGs
00/1999 7.8± 0.3 Glushkova et al. (1999) (m−M)Hya0 = 3.30 mag 204± 15 N = 202: open clusters, Cepheids, RSGs; use caution
b
02/2004 8.3± 0.3 Gerasimenko (2004) · · · · · · N = 146; Weaver’s method
02/2004 8.0 Gerasimenko (2004) · · · · · · N = 34; Fokker’s method
02/2007 7.95± 0.62 Shen & Zhu (2007) (m−M)Hya0 = 3.42 mag 244± 14 N = 270
02/2007 8.1± 0.7 Shen & Zhu (2007) (m−M)Hya0 = 3.42 mag 244± 14 Mean value (open clusters, OB stars)
11/2007 7.4± 0.3 Bobylev et al. (2007) (m−M)Hya0 = 3.42 mag 195 ± 7 N = 375
11/2007 9.5± 0.7 Bobylev et al. (2007) (m−M)Hya0 = 3.42 mag 195 ± 7 Young open clusters (< 50 Myr)
11/2007 5.6± 0.3 Bobylev et al. (2007) (m−M)Hya0 = 3.42 mag 195 ± 7 Old open clusters (> 50 Myr)
12/2009 8.03± 0.70 Zhu (2009) (m−M)Hya0 = 3.42 mag 235± 10 N = 301
02/2013 8.03± 0.70 Zhu & Shen (2013) (m−M)Hya0 = 3.42 mag 260± 15 N = 301
a New abbreviation used: RSGs, red supergiant stars.
b Note that Glushkova et al. (1998) and Glushkova et al. (1999) are identical peer-reviewed articles, although this duplicate
publication is not formally acknowledged. Nevertheless, the Galactic Center distance estimates differ by 0.1 kpc between both
papers, which remains unexplained.
viations. Between 1990 and 2007, the majority of Θ0/R0
ratios adopted by authors who recently determined R0
are found near 〈Θ0/R0〉 = 28 km s
−1 kpc−1; since then,
the ratio has slowly increased to 〈Θ0/R0〉 ≈ 32 km s
−1
kpc−1 (2013–2015).
Combined with the current-best Galactic Center dis-
tance estimates based on S-star orbital modeling or sta-
tistical parallaxes, R0 = 8.3 ± 0.2 kpc, these Θ0/R0
ratios imply that the Galactic rotation speed at the so-
lar circle is best constrained to the range from Θ0 = 232
km s−1 (1990–2007) to Θ0 = 266 km s
−1 based on our
current best understanding of Galactic dynamics, i.e.,
significantly faster than the IAU-recommended value of
ΘIAU0 = 220 km s
−1. In fact, this is confirmed statisti-
cally: 33 of the 55 post-1990 values of Θ0 used in this
paper attained values of Θ0 ≥ 230 km s
−1 (only 17 out
of 55 publications derived Θ0 < 220 km s
−1). The equiv-
alent numbers for the period since 2000 are 25 out of 39
high values (versus 10 out of 39 low rotation speeds).
An increasing body of evidence now suggests that the
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Figure 4. Θ0/R0 ratios used for determination of the Galac-
tic Center distance based on kinematic disk modeling, pub-
lished since 1990. The horizontal dashed lines indicate the
theoretically expected range (McMillan & Binney 2010). The
red data points are three-year averages, where the horizon-
tal ‘error bars’ indicate the relevant time period sampled and
the vertical error bars represent the corresponding standard
deviations.
Galactic rotation speed at the solar circle is indeed well
in excess of the IAU recommendation (e.g., Reid et al.
2009), with most authors supporting Θ0 ∈ [235, 260] km
s−1 at the present time (e.g., Shen & Zhu 2007; Bovy et
al. 2009; Zhu 2009; McMillan & Binney 2010; Sato et
al. 2010; Shen & Zhang 2010; Brunthaler et al. 2011;
McMillan 2011; Honma et al. 2012; Scho¨nrich 2012;
Dambis et al. 2013; Reid 2013; Zhu & Shen 2013; Reid
et al. 2014).
4. DISCUSSION
4.1. Statistical trends
Since the dual basic premises of science are repro-
ducibility and replicability (e.g., de Grijs 2016, and
references therein), as fallible humans scientists may
be tempted—most likely unknowingly—to trust results
that are in good agreement with previously published
values. Such behavior may lead to a ‘bandwagon effect,’
more commonly referred to as publication bias (for back-
ground, see Paper I).
In the context of Galactic Center distance determina-
tions, the possible presence of publication bias has been
addressed repeatedly (e.g., Reid 1989, 1993; Nikiforov
2004; Foster & Cooper 2010; Malkin 2013a,b; Francis
& Anderson 2014), although their conclusions are not
in general agreement. Publication bias can be revealed
either by a gradual convergence of published values to a
generally accepted number (e.g., Malkin 2013a,b; Paper
I) or by a sudden shift in preferred values following a
landmark publication.
Malkin (2013a,b) explored evidence of the former us-
ing his compilation of 53 R0 determinations published
over a period of some 20 years (1992–2011), but he did
not find any statistically significant trend.3 Francis &
Anderson (2014) used an unspecified, larger sample of
150 Galactic Center distances, cited as “available on-
line,” of which they deemed 137 values as broadly dis-
tinct, for a more detailed analysis of possible publication
bias affecting published Galactic Center distance esti-
mates. These latter authors claimed to have uncovered
a continuing small but significant trend toward decreas-
ing estimates based on 48 values published between 1980
and 2000. (This encompasses approximately half the
number of distance determinations we recorded during
the same period, i.e., our database includes 100 Galactic
Center distance determinations published between 1980
February and 2000 September.) A Student’s t test im-
plies that this trend’s significance is reduced from 92%
prior to 2000 to 73% post-2000 (Francis & Anderson
2014; see also Foster & Cooper 2010).
Note that even if the range of published values be-
comes narrower over time, this does not necessarily im-
ply that authors (or reviewers) are unconsciously af-
fected by a bandwagon effect. On the contrary, as we
already addressed in Paper I in the context of LMC
distance determinations, later publications may benefit
from having access to larger tracer samples than ear-
lier papers, the calibration relations are likely better
understood, the analysis method applied are improved,
and systematic errors might be reduced (e.g., Malkin
2013a,b).
4.2. Direct distance determinations
Objective consideration of progress in the field of
Galactic Center distance determinations singles out one
paper in particular that may qualify as a landmark pub-
lication. Eisenhauer et al. (2003) were the first to deter-
mine a direct, geometric distance to the Galactic Center
based on the orbital motion of S2, one of the small sam-
ple of stars orbiting the Galactic Center’s black hole on
roughly Keplerian orbits.
Although the direct Galactic Center distance determi-
nations by the Genzel and Ghez groups are arguably the
most precise Galactic Center distance estimates avail-
able to date, their derivation is very sensitive to a range
of modeling assumptions (e.g., Gillessen et al. 2009;
3 At earlier times, the mean of the published Galactic Center
distance estimates declined significantly and systematically, par-
ticularly in the period between approximately 1970 and 1990 (see
Fig. 1; see also Reid 1989; 1993; Surdin 1999; Nikiforov 2004),
which may be the first suggestion of the presence of a bandwagon
effect in R0 estimates, although this could also simply be the re-
sult of improvements in either our physical understanding or of
the methods used, or both.
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Francis & Anderson 2014). Two potentially important
issues the underlying assumption of Keplerian motion of
the S stars around Sgr A*. First, Newton’s shell theo-
rem, which posits that the gravity inside a spherical shell
is unimportant, provides only an approximate solution
to characterize the real, three-dimensional distribution
of matter in the nuclear disk and central bar of the Milky
Way.
Second, the initial Keplerian approximations to the
S-star orbits did not take into account relativistic ef-
fects (Zucker et al. 2006; Gillessen et al. 2009). Fran-
cis & Anderson (2014) pointed out that the correc-
tions for the relativistic geodetic effect (de Sitter pre-
cession) attempted by Gillessen et al. (2009) are based
on the assumption that this precession arises in the
Schwarzschild metric, whereas one should instead adopt
the Kerr metric associated with a relativistically rotat-
ing central black hole. In turn, this leads to ‘frame drag-
ging’ (also known as the Lense–Thirring effect), which is
predicted to affect both the S stars’ orbits and the light
paths into the line of sight. Neither Zucker et al. (2006)
nor Gillessen et al. (2009) considered these effects (for a
detailed discussion, see Francis & Anderson 2014). Yet,
in 2002, when the star S2 was near its pericenter and rel-
ativistic effects were most significant, both Zucker et al.
(2006) and Gillessen et al. (2009) reported difficulties
in modeling the star’s orbital motion. This thus implies
that relativistic effects must be taken into account and
certainly cannot be ignored.
Perhaps surprisingly, this appears to be a case where
more data actually lead to less accurate results. The
potentially significant relativistic effects affecting the S-
star orbits result in ever more serious cumulative dif-
ferences from Keplerian motion (Francis & Anderson
2014). Nevertheless, here we consider the R0 determi-
nations based on the orbital motions of the S stars as a
function of publication date. We refer to Fig. 1b and
Table 1 (top) for guidance. The most significant change
in the central R0 values since Eisenhauer et al. (2003,
2005) occurred with the publication of Gillessen et al.
(2009), which resulted in an upward adjustment of ap-
proximately 0.6 kpc.
Gillessen et al. (2009) point out that their new values
for R0 are consistent within the errors with the Eisen-
hauer et al. (2003, 2005) results, and that adding more
stars to the orbital solutions does not change the results
significantly. They assert that their main improvement
is owing to the more rigorous treatment of the system-
atic errors. In fact, it appears that this change is indeed
not driven by publication bias, nor did their considera-
tion of relativistic effects have a significant impact. The
latter statement is supported by comparing the Zucker
et al. (2006) Galactic Center distance estimate with
the earlier determinations of Eisenhauer et al. (2003,
2005). Instead, the Gillessen et al. (2009) Galactic
Center distance is more robust than their previous re-
sults, given that it is based on astrometric observations
of much higher quality (affected by smaller astrometric
uncertainties) and covering a significantly longer time
span.
The latest results obtained by both Genzel’s group
(Gillessen et al. 2009, 2013) and Ghez’ collaboration
(Ghez et al. 2008; Yelda et al. 2011) are indeed
fully mutually consistent, as also expected from the
R0 values resulting from combining the data of both
groups (Gillessen et al. 2009). Indeed, the low value of
R0 = 7.7±0.4 kpc derived by Morris et al. (2012), mem-
bers of the Ghez group, is an odd one out. These latter
authors only commented that this estimate corresponds
to their current best fit to the observational data from
1995–2011. They did not discuss their discrepant result,
other than by pointing out that the uncertainty in their
estimate is highly correlated with the uncertainty in the
mass of the black hole. Indeed, the same degeneracy
affects the central values (e.g., Gillessen et al. 2009). In
conclusion, we have not unearthed any evidence of pos-
sible publication bias in the Galactic Center distances
resulting from S-star orbital modeling.
Careful assessment of the R0 values obtained from sta-
tistical parallax measurements of the nuclear star cluster
also show broad consistency during the 20 years lead-
ing up to 2015 (for a brief discussion, see Section 3.1).
Therefore, the current-best distance determination to
the Galactic Center is, arguably, based on appropriate
combined direct observations of both the S-star orbits
and the Galactic Center’s statistical parallax properties.
Do et al. (2013) and Chatzopoulos et al. (2015) both
attempted such a combination, yielding R0 = 8.46
+0.42
−0.38
kpc and R0 = 8.33 ± 0.11 kpc, respectively.
4 However,
other recent direct Galactic Center distance measure-
ments yield somewhat smaller distances (e.g., Trippe et
al. 2008, 2011; Yelda et al. 2011; Gillessen et al. 2013).
At the present time, we therefore advocate a benchmark
Galactic Center distance ofR0 = 8.3±0.2 kpc, where the
uncertainty is the statistical error resulting from com-
bination of the Do et al. (2013) and Chatzopoulos et
al. (2015) ‘combined’ values. The additional, system-
atic uncertainty, which should be added in quadrature,
is of order ±0.4 kpc. The latter estimate follows from
consideration of the full set of updated values of R0 in
Table 1, where the variety of assumptions made is re-
flected in the spread of the central values (see also the
4 Both studies were, in essence, modern applications of the idea
to combine velocity dispersions with proper motion measurements
in the Galactic bulge, first proposed by Minniti (1993) and Kuijken
(1995).
Local Group distances and publication bias. IV. The Galactic Center 13
discussion in Section 3.1).
4.3. Indirect distance determinations
The unprecedented volume of our catalog of Galactic
Center distance determinations has allowed us to con-
clude that the globular cluster, Cepheid, and red clump
centroids suggest smaller Galactic Center distances than
the direct distances estimates, while the RR Lyrae and
Mira variables result in larger Galactic Center centroid
distances (see, e.g., Table 2).
Indeed, it has been suggested that some tracers, and
in particular the (t ≥ 10 Gyr) old tracers (i.e., the RR
Lyrae stars) might or might not follow the Galactic Bar
(e.g., Zoccali & Valenti 2016). This implies that distance
determinations based on these tracers might depend on
the line of sight of the adopted sample. Moreover, we do
not yet have similarly robust identifications of RR Lyrae
stars located in the Galactic Center center as we do for
the Galactic Center Cepheid sample. This suggests that
RR Lyrae variables might be more prone to possible
systematic effects (e.g., Zoccali & Valenti 2016). In ad-
dition, there are reasons to believe that the red clump
results might also be affected by large systematic uncer-
tainties. In fact, if a metallicity gradient is present from
the Galactic Center to the outer bulge (e.g., Zoccali et
al. 2008; Pietrukowicz et al. 2012, 2015; Uttenthaler et
al. 2012), this also means that the mean magnitude and
color of red clump stars change when approaching the
Galaxy’s inner core.
A separate concern regarding systematic effects intro-
duced by our homogenization is the following. If, as we
have done for many RR Lyrae-based Galactic Center
distance determinations, we adopt any of the prevail-
ing MV versus [Fe/H] relations, we have to deal with
a strong dependence on the reddening correction and
the metallicity distribution of RR Lyrae in the central
Galaxy. Specifically, we have adopted MV (RR) = 0.72
mag. If the original papers quoting Galactic Center dis-
tance determinations used any other absolute magnitude
calibration (see Table 2), we converted the R0 value to a
distance modulus, corrected it for the difference in cali-
bration used, and eventually converted it back to a linear
distance. If we were to adopt the K-band magnitudes
for our calibration instead, the dependence on metallic-
ity and on the reddening uncertainties is smaller. How-
ever, in this case we would introduce a dependence on
the pulsation period, since RR Lyrae exhibiting longer
periods are brighter. Where appropriate, we have also
assumed that [Fe/H] = −1.0 dex for RR Lyrae in the
bulge (e.g., Bono et al. 2003). If we assume that a
typical mean period for a fundamental RR Lyrae in the
bulge is around 0.55–0.60 days and the mean metallicity
is around [Fe/H]= −1, 〈MK〉 = −0.5 mag (Marconi et
al. 2015). At the present time, we have access to too few
K-band calibrated RR Lyrae distance measurements to
the Galactic Center (only two such calibrations are avail-
able: Carney et al. 1995; Dambis 2009). Overall, the
adjustments thus made take into account the metallicity
dependence of the RR Lyrae distance scale to the best
of our current ability.
Finally, we explored whether any of the centroid tac-
ers or those used for the kinematics-based Galactic Cen-
ter distance estimates exhibited statistically significant
trends in the modern, post-1990 era. In the context
of exploring possible bandwagon effects, one should, of
course, only consider the original Galactic Center dis-
tance estimates, before homogenization. The significant
scatter among the data points pertaining to any of the
kinematics tracers precludes us from resolving any such
trend. Among the centroid tracers, we do not have suf-
ficient numbers of data points for the globular clusters,
planetary nebulae, or Cepheids spanning a sufficiently
long time span to draw statistically justifiable conclu-
sions either (see Fig. 2).
For all other tracers we only find statistically insignif-
icant (. 1σ) trends of R0 as a function of publication
date, both for the full 1990–2016 time span and for the
more recent period since 2005. However, we find that in
general the uncertainties have been steadily decreasing
for all tracers, which largely owing to improvements in
the calibration approaches used and access to new and
larger samples of tracer objects (for a related discussion,
see Paper I). In conclusion, neither the centroid- nor the
kinematics-based Galactic Center distance tracers pub-
lished since 1990 suggest the presence of any significant
trends of R0 with publication date.
5. SUMMARY AND CONCLUSIONS
Aiming at deriving a statistically well-justified Galac-
tic Center distance based on a large variety of tracers
and reducing any occurrence of publication bias, we em-
barked on an extensive data-mining effort of the scien-
tific literature, eventually yielding 273 new or revised
R0 estimates published since records began in October
1918 until June 2016. Our large database of Galactic
Center distance estimates, a fully linked version of which
is made available to the scientific community, allowed us
to explore the pros and cons of a variety of different ap-
proaches used to determine the distance to the Galactic
Center.
We separated our compilation into direct and indirect
distance measurements. The former include distances
such as those based on orbital modeling of the so-called
S stars orbiting Sgr A*, the closest visual counterpart of
the Milky Way’s central supermassive black hole, as well
as those relying on statistical parallaxes of either the nu-
clear star cluster or the stellar population in the inner
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lished Galactic Center distances based on these methods
resulted in our Galactic Center distance recommenda-
tion of R0 = 8.3 ± 0.2 (statistical) ± 0.4 (systematic)
kpc.
A much larger body of Galactic Center distance deter-
minations is based on indirect methods, either those re-
lying on centroid determinations for a range of different
tracer populations (e.g., globular clusters, Cepheid, RR
Lyrae, or Mira variables, or red clump stars) or mea-
surements based on kinematic observations of objects
at the solar circle, combined with a mass and/or rota-
tional model of the Milky Way. The latter approaches
are affected by significantly larger uncertainties than the
former, while the central, mean Galactic Center dis-
tances based on the kinematic methods are systemat-
ically smaller than those based on centroid determina-
tions. Most centroid-based distances are in good agree-
ment with those resulting from the direct methods.
We did not find any conclusive evidence of the pres-
ence of a bandwagon effect in the post-1990 Galactic
Center distance measurements, neither among the di-
rect distance estimates nor among those based on cen-
troid determinations. Our set of kinematics-based dis-
tance measurements cannot be used to explore this is-
sue given the significant uncertainties associated with
the latter methods. However, these latter measurement
can indeed be used to constrain the Galaxy’s rotation
velocity at the solar Galactocentric distance using the
Θ0/R0 ratios employed by their respective authors. We
found a gradual increase in the mean value of Θ0 from
〈Θ0〉 = 232 km s
−1 in the 1990s to 〈Θ0〉 = 266 km
s−1 more recently. (Both values represent the means of
the distributions of rotation speeds; their standard de-
viations are of order 20–30 km s−1.) Our results thus
imply that the IAU-recommended Galactic Center dis-
tance (RIAU0 = 8.5 kpc) needs a downward adjustment,
while the recommendation for the Galactic rotation ve-
locity at the solar circle (Θ0 = 220 km s
−1) requires an
upward revision.
Finally, in view of the recent Gaia Data Release 1
(Lindegren et al. 2016), this is an opportune time to
consider the impact on Galactic Center distance deter-
minations of the improved parallax measurements of up-
wards of a billion stars that the mission will provide
by the end of its nominal five-year duration. The final
Gaia catalog will map a significant fraction of the Galac-
tic volume, with particularly high (distance-dependent)
parallax precision for stars in the solar neighborhood,
gradually decreasing toward the Galactic Center.
Because of the high extinction and significant crowd-
ing in the Galaxy’s inner regions, Gaia’s optical (G-
band) measurements will reach the Galaxy’s central re-
gions, but not the Center itself. It is anticipated that
Gaia’s direct distance determinations of stars near the
Galactic Center will be accurate to approximately 20%,
i.e., significantly worse than the distance estimates pro-
vided by any of the direct methods discussed in Sec-
tion 3.1 or the Cepheid-based result of Matsunaga et
al. (2011). However, Gaia’s homogeneous and extensive
final catalog will undoubtedly facilitate a significantly
improved statistical determination of R0 based on kine-
matic measurements at as well as inside the solar circle.
In addition, Gaia will provide improved distance mea-
surements to large numbers of standard candles, thus
almost certainly improving their zero-point accuracies,
which in turn will allow us to test for the effects of pop-
ulation differences associated with the use of secondary
distance tracers.
Gaia is currently among the best-placed facilities to
resolve the remaining uncertainties in the Galactic dis-
tance scale, which is no longer seriously affected by sta-
tistical uncertainties. The prevailing uncertainties pre-
venting us from determining a more accurate distance
to the Galactic Center are systematic in nature. Among
the latter, the effects of not just variations in the ex-
tinction, but of possible variations in the prevailing ex-
tinction law are among the most important stumbling
blocks.
The data set analyzed in this paper is, unfortunately,
unsuitable for systematic studies of the uncertainties
introduced by variations in the extinction law (e.g.,
Nishiyama et al. 2009; Nataf et al. 2016; and references
therein). This is particularly so, because the vast major-
ity of the individual data points retrieved from the liter-
ature have been extinction-corrected by their respective
authors using the most appropriate approaches available
at the time of their analyses. This implies the inherent
presence of intrinsic inhomogeneities in the extinction
corrections, which are impossible to fully correct for at
the present time.
In addition, we point out that current empirical esti-
mates of reddening laws in the local Universe are mainly
based on optical and near-infrared photometry. To fur-
ther constrain possible systematic effects, independent
approaches based on either analyses of diffuse interstel-
lar bands (e.g., Munari & Zwitter 1997; Wallerstein et
al. 2007; Munari et al. 2008; Kashuba et al. 2016) or
spectroscopic studies (e.g., Kudritzki et al. 2012) may
shed new light on this long-standing problem. Indeed,
detailed, large-scale studies such as that of Nataf et al.
(2016), perhaps combined with high spatial resolution
observations of carefully selected, homogeneous sam-
ples of Galactic Center objects at near- to mid-infrared
wavelengths (such as those anticipated to result from
WFIRST operation or from campaigns with the next
generation of 30 m-class ground-based telescopes), seem
most promising to overcome the remaining systematics
in the reddening laws.
Local Group distances and publication bias. IV. The Galactic Center 15
ACKNOWLEDGEMENTS
R. d. G. is grateful for research support from
the National Natural Science Foundation of China
through grants 11373010, 11633005, and U1631102.
This work was also partially supported by PRIN-MIUR
(2010LY5N2T), ‘Chemical and dynamical evolution of
the Milky Way and Local Group galaxies’ (PI F. Mat-
teucci). This research has made extensive use of NASA’s
Astrophysics Data System Abstract Service.
REFERENCES
Alves, D. R. 2000, ApJ, 539, 732
Babusiaux, C., & Gilmore, G. 2005, MNRAS, 358, 1309
Bica, E., Bonatto, C., Barbuy, B., & Ortolani, S. 2006, A&A,
450, 105
Bobylev, V. V. 2013, AstL, 39, 95
Bobylev, V. V., Bajkova, A. T., & Lebedeva, S. V. 2007, AstL,
33, 720
Bonatto, C., Bica, E., Barbuy, B., & Ortolani, S. 2009, Globular
Clusters – Guides to Galaxies, ESO Astrophys. Symp., eds. T.
Richtler & S. Larsen, p. 209
Bono, G., Caputo, F., Castellani, V., et al. 2003, MNRAS, 344,
1097
Bono, G., Matsunaga, N., Inno, L., Lagioia, E. P., & Genovali, K.
2013, Cosmic Rays in Star-Forming Environments, Astrophys.
Space Sci. Proc., 34, eds. D. F. Torres & O. Reimer, p. 115
Bovy, J., Hogg, D. W., & Rix, H.-W. 2009, ApJ, 704, 1704
Brunthaler, A., Reid, M. J., Menten, K. M., et al. 2011, AN, 332,
461
Caldwell, J. A. R., Avruch, J. M., Metzger, M. R., Schechter,
P. L., & Keane, J. J. 1992, Variable Stars and Galaxies, ed. B.
Warner, ASSL, 30, 111
Cao, L., Mao, S., Nataf, D., Rattenbury, N. J., & Gould, A.
2013, MNRAS, 434, 595
Catchpole, R. M., Whitelock, P. A., Feast, M. W., et al. 2016,
MNRAS, 455, 2216
Catelan, M., Pritzl, B. J., & Smith, H. A. 2004, ApJS, 154, 633
Carney, B. W., Fulbright, J. P., Terndrup, D. M., Suntzeff,
N. B., & Walker, A. R. 1995, AJ, 110, 1674
Chatzopoulos, S., Fritz, T. K., Gerhard, O., et al. 2015,
MNRAS, 447, 948
Collinge, M. J., Sumi, T., & Fabrycky, D. 2006, ApJ, 651, 197
Dambis, A. K. 2009, MNRAS, 396, 553
Dambis, A. K. 2010, in: Variable Stars, the Galactic halo and
Galaxy Formation, eds. C. Sterken, N. Samus, & L. Szabados,
p. 177
Dambis, A. K., Berdnikov, L. N., Kniazev, A. Y., et al. 2013,
MNRAS, 435, 3206
Dambis, A. K., Mel’Nik, A. M., & Rastorguev, A. S. 1995, AstL,
21, 291
de Grijs, R. 2016, The Winnower, 3, e146449.94380; doi:
10.15200/winn.146449.94380
de Grijs, R., & Bono, G. 2014, AJ, 148, 17 (Paper II)
de Grijs, R., & Bono, G. 2015, AJ, 149, 179 (Paper III)
de Grijs, R., Wicker, J. E., & Bono, G. 2014, AJ, 147, 122
(Paper I)
De´ka´ny, I., Minniti, D., Catelan, M., et al. 2013, ApJL, 776, L19
de Vaucouleurs, G. 1983, ApJ, 268, 451
Do, T., Martinez, G. D., Yelda, S., et al. 2013, ApJL, 779, L6
Eisenhauer, F., Genzel, R., Alexander, T., et al. 2005, ApJ, 628,
246
Eisenhauer, F., Scho¨del, R., Genzel, R., et al. 2003, ApJL, 597,
L121
Feast, M. W. 1997, MNRAS, 284, 761
Feast, M. 2004, IAU Colloq. 193: Variable Stars in the Local
Group, eds. D. W. Kurtz & K. R. Pollard, ASP Conf. Proc.,
310, 304
Feast, M. W., Laney, C. D., Kinman, T. D., van Leeuwen, F., &
Whitelock, P. A. 2008, MNRAS, 386, 2115
Feast, M., Pont, F., & Whitelock, P. 1998, MNRAS, 298, L43
Feast, M., & Whitelock, P. 1997, MNRAS, 291, 683
Foster, T., & Cooper, B. 2010, The Dynamic Interstellar
Medium: A Celebration of the Canadian Galactic Plane
Survey, eds. R. Kothes, T. L. Landecker, & A. G. Willis, ASP
Conf. Proc., 438, 16
Francis, C., & Anderson, E. 2014, MNRAS, 441, 1105
Fritz, T. K., Gillessen, S., Dodds-Eden, K., et al. 2011, ApJ, 737,
73
Gardner, E., Debattista, V. P., Robin, A. C., Va´squez, S., &
Zoccali, M. 2014, MNRAS, 438, 3275
Genzel, R., Pichon, C., Eckart, A., Gerhard, O. E., & Ott, T.
2000, MNRAS, 317, 348
Gerasimenko, T. P. 2004, ARep, 48, 103
Ghez, A. M., Salim, S., Weinberg, N. N., et al. 2008, ApJ, 689,
1044
Gillessen, S., Eisenhauer, F., Fritz, T. K., et al. 2009a, ApJL,
707, L114
Gillessen, S., Eisenhauer, F., Fritz, T. K., et al. 2013, Advancing
the Physics of Cosmic Distances, ed. R. de Grijs, IAU Symp.,
289, 29
Gillessen, S., Eisenhauer, F., Trippe, S., et al. 2009b, ApJ, 692,
1075
Girardi, L., & Salaris, M. 2001, MNRAS, 323, 109
Glass, I. S., Whitelock, P. A., Catchpole, R. M., & Feast, M. W.
1995, MNRAS, 273, 383
Glushkova, E. V., Dambis, A. K., Mel’Nik, A. M., & Rastorguev,
A. S. 1998, A&A, 329, 514
Glushkova, E. V., Dambis, A. K., & Rastorguev, A. S. 1999,
A&AT, 18, 349
Gould, A., Stutz, A., & Frogel, J. A. 2001, ApJ, 547, 590
Grocholski, A. J., & Sarajedini, A. 2002, AJ, 123, 1603
Groenewegen, M. A. T., & Blommaert, J. A. D. L. 2005, A&A,
443, 143
Groenewegen, M. A. T., Udalski, A., & Bono, G. 2008, A&A,
481, 441
Harris, W. E. 1976, AJ, 81, 1095
Honma, M., Nagayama, T., Ando, K., et al. 2012, PASJ, 64,
Huterer, D., Sasselov, D. D., & Schechter, P. L. 1995, AJ, 110,
2705
Kashuba, S. V., Andrievsky, S. M., Chekhonadskikh, F. A., et al.
2016, MNRAS, 461, 839
Kerr, F. J., & Lynden-Bell, D. 1986, MNRAS, 221, 1023
Kudritzki, R.-P., Urbaneja, M. A., Gazak, Z., et al. 2012, ApJ,
747, 15
Kuijken, K. 1995, ApJ, 446, 194
Kunder, A., & Chaboyer, B. 2008, AJ, 136, 2441
Kunder, A., Popowski, P., Cook, K. H., & Chaboyer, B. 2008,
AJ, 135, 631
Laney, C. D., Joner, M. D., & Pietrzyn´ski, G. 2012, MNRAS,
419, 1637
Layden, A. C., Hanson, R. B., Hawley, S. L., Klemola, A. R., &
Hanley, C. J. 1996, AJ, 112, 2110
Lindegren, L., Lammers, U., Bastian, U., et al. 2016, A&A, in
press (arXiv:1609.04303)
16 Richard de Grijs and Giuseppe Bono
Maciel, W. J. 1993, Ap&SS, 206, 285
Majaess, D. 2010, AcA, 60, 55
Majaess, D. J., Turner, D. G., & Lane, D. J. 2009, MNRAS, 398,
263
Malkin, Z. 2013a, Advancing the Physics of Cosmic Distances,
ed. R. de Grijs, IAU Symp., 289, 406
Malkin, Z. M. 2013b, ARep, 57, 128
Marconi, M., Coppola, G., Bono, G., et al. 2015, ApJ, 808, 50
Matsunaga, N. 2013, Advancing the Physics of Cosmic
Distances, ed. R. de Grijs, IAU Symp., 289, 109
Matsunaga, N., Fukue, K., Yamamoto, R., et al. 2015, ApJ, 799,
26
Matsunaga, N., Kawadu, T., Nishiyama, S., et al. 2009, MNRAS,
399, 1709
Matsunaga, N., Kawadu, T., Nishiyama, S., et al. 2011, Nature,
477, 188
McMillan, P. J. 2011, MNRAS, 414, 2446
McMillan, P. J., & Binney, J. J. 2010, MNRAS, 402, 934
McWilliam, A., & Zoccali, M. 2010, ApJ, 724, 1491
Metzger, M. R., Caldwell, J. A. R., & Schechter, P. L. 1998, AJ,
115, 635
Minniti, D. 1993, in: Galactic Bulges, eds. DeJonghe, H., &
Habing, H. J., Proc. IAU Symp. 153, 315
Monelli, M., Testa, V., Bono, G., et al. 2015, ApJ, 812, 25
Morris, M. R., Meyer, L., & Ghez, A. M. 2012, RAA, 12, 995
Munari, U., Tomasella, L., Fiorucci, M., et al. 2008, A&A, 488,
969
Munari, U., & Zwitter, T. 1997, A&A, 318, 269
Nataf, D. M., Gonzalez, O. A., Casagrande, L., et al. 2016,
MNRAS, 456, 2692
Nataf, D. M., Gould, A., Fouque´, P., et al. 2013, ApJ, 769, 88
Nikiforov, I. 2004, Order and Chaos in Stellar and Planetary
Systems, eds. G. G. Byrd, K. V. Kholshevnikov, A. A. Myllri,
I. I. Nikiforov, & V. V. Orlov., ASP Conf. Proc., 316, 199
Nikiforov, I. I., & Smirnova, O. V. 2013, AN, 334, 749
Nishiyama, S., Nagata, T., Baba, D., et al. 2005, ApJL, 621,
L105
Nishiyama, S., Nagata, T., Sato, S., et al. 2006, ApJ, 647, 1093
Nishiyama, S., Tamura, M., Hatano, H., et al. 2009, ApJ, 696,
1407
Olling, R. P. 2007, MNRAS, 378, 1385
Paczyn´ski, B., & Stanek, K. Z. 1998, ApJL, 494, L219
Perryman, M. 2009, Astronomical Applications of Astrometry:
Ten Years of Exploitation of the Hipparcos Satellite Data,
(Cambridge: CUP)
Pietrukowicz, P., Koz lowski, S., Skowron, J., et al. 2015, ApJ,
811, 113
Pietrukowicz, P., Udalski, A., Soszyn´ski, I., et al. 2012, ApJ, 750,
169
Pont, F., Mayor, M., & Burki, G. 1994, A&A, 285,
Rastorguev, A. S., Pavlovskaya, E. D., Durlevich, O. V., &
Filippova, A. A. 1994, AstL, 20, 591
Rattenbury, N. J., Mao, S., Sumi, T., & Smith, M. C. 2007,
MNRAS, 378, 1064
Reid, M. J. 1989, The Center of the Galaxy, ed. M. Morris, IAU
Symp., 136, 37
Reid, M. J. 1993, ARA&A, 31, 345
Reid, M. J. 2013, Advancing the Physics of Cosmic Distances,
289, 188
Reid, M. J., Menten, K. M., Brunthaler, A., et al. 2014, ApJ,
783, 130
Reid, M. J., Menten, K. M., Zheng, X. W., et al. 2009, ApJ, 700,
137-148
Sandage, A. 2004, Centennial History of the Carnegie Institution
of Washington. I. The Mount Wilson Observatory, Part IV,
Cambridge: Cambridge Univ. Press
Sato, M., Reid, M. J., Brunthaler, A., & Menten, K. M. 2010,
ApJ, 720, 1055
Scho¨nrich, R. 2012, MNRAS, 427, 274
Shapley, H. 1918, ApJ, 48,
Shen, M., & Zhang, H. 2010, ChA&A, 34, 89
Shen, M., & Zhu, Z. 2007, ChJA&A, 7, 120
Sollima, A., Cacciari, C., & Valenti, E. 2006, MNRAS, 372, 1675
Stanek, K. Z., & Garnavich, P. M. 1998, ApJL, 503, L131
Stanek, K. Z., Kaluzny, J., Wysocka, A., & Thompson, I. 2000,
AcA, 50, 191
Surdin, V. G. 1999, A&AT, 18, 367
Trippe, S., Gillessen, S., Gerhard, O. E., et al. 2008, A&A, 492,
419
Trippe, S., Gillessen, S., Gerhard, O. E., et al. 2011, The
Galactic Center: a Window to the Nuclear Environment of
Disk Galaxies, eds. M. R. Morris, Q. D. Wang, & F. Yuan,
ASP Conf. Proc., 439, 232
Udalski, A. 1998, AcA, 48, 113
Uttenthaler, S., Blommaert, J. A. D. L., Wood, P. R., et al.
2015, MNRAS, 451, 1750
van Leeuwen, F., Feast, M. W., Whitelock, P. A., & Laney, C. D.
2007, MNRAS, 379, 723
Walker, A. R., & Terndrup, D. M. 1991, ApJ, 378, 119
Wallerstein, G., Sandstrom, K., & Gredel, R. 2007, PASP, 119,
1268
Wegg, C., & Gerhard, O. 2013, MNRAS, 435, 1874
Whitelock, P. 1992, Variable Stars and Galaxies, ed. B. Warner,
ASSL, 30, 11
Whitelock, P., Feast, M., & Catchpole, R. 1991, MNRAS, 248,
276
Yelda, S., Ghez, A. M., Lu, J. R., et al. 2011, The Galactic
Center: a Window to the Nuclear Environment of Disk
Galaxies, eds. M. R. Morris, Q. D. Wang, & F. Yuan, ASP
Conf. Proc., 439, 167
Zhu, Z. 2009, RAA, 9, 1285
Zhu, Z., & Shen, M. 2013, Advancing the Physics of Cosmic
Distances, ed. R. de Grijs, IAU Symp., 289, 444
Zoccali, M., Hill, V., Lecureur, A., et al. 2008, A&A, 486, 177
Zoccali, M., & Valenti, E. 2016, PASA, 33, e025
Zucker, S., Alexander, T., Gillessen, S., Eisenhauer, F., &
Genzel, R. 2006, ApJL, 639, L21
